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Six Sigma is a disciplined approach to improving product, process and service quality.
Since its inception at Motorola in the mid 1980s Six Sigma has evolved signiﬁcantly
and continues to expand to improve process performance, enhance business
proﬁtability and increase customer satisfaction. This paper presents an extensive
literature review based on the experiences of both academics and practitioners on
Six Sigma, followed by the application of the Deﬁne, Measure, Analyse, Improve,
Control (DMAIC) problem-solving methodology to identify the parameters causing
casting defects and to control these parameters. The results of the study are
based on the application of tools and techniques in the DMAIC methodology,
i.e. Pareto Analysis, Measurement System Analysis, Regression Analysis and Design
of Experiment. The results of the study show that the application of the Six Sigma
methodology reduced casting defects and increased the process capability of the
process from 0.49 to 1.28. The application of DMAIC has resulted in a signiﬁcant
ﬁnancial impact (over U.S. $110 000 per annum) on the bottom-line of the
company. Copyright c© 2006 John Wiley & Sons, Ltd.
Received 8 December 2005; Revised 20 July 2006
KEY WORDS: Six Sigma; case study; DoE; CSFs; DMAIC
INTRODUCTION
In this ever-changing world of new customer needs, new markets, innovation and social change there isa constant drive to improve existing processes to serve existing customers and a desire to develop newprocesses to serve new customer needs1. Six Sigma has proved to be a powerful business strategy for
meeting the aforementioned goals. Six Sigma is a highly structured process improvement framework that uses
both statistical and non-statistical tools and techniques to eliminate process variation and thereby improve
process performance and capability2. Linderman et al.3 deﬁned Six Sigma in the following way:
‘Six Sigma is an organized and systematic method for strategic process improvement and new
product and service development that relies on statistical methods and the scientiﬁc method to
make dramatic reductions in customer deﬁned defect rates’.
∗Correspondence to: Jiju Antony, Centre for Research in Six Sigma and Process Improvement, Division of Management, Caledonian
Business School, Glasgow Caledonian University, Glasgow G4 0BA, U.K.
†E-mail: j.antony@gcal.ac.uk
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The deﬁnition emphasizes the signiﬁcance of the customer’s deﬁnition of the defect rate and its importance
while making a process improvement or when manufacturing a product. General Electric (GE) CEO Jack Welch
describes Six Sigma as ‘the most challenging and potentially rewarding initiative we have ever undertaken’4.
The voyage of Six Sigma started in a manufacturing company and it has now sailed across ﬁnancial services,
healthcare and the public sector5–9. It is worth noting that Six Sigma still has air left in its sails and continues to
build momentum with no sign of letting up10.
The Six Sigma approach starts with a business strategy and ends with top-down implementation, having an
impact on proﬁts if it is successfully deployed11,12. It takes us away from ‘intuition based decisions—what we
think is wrong, to fact based decision—what we know is wrong’13. A number of papers and books have been
published demonstrating the fundamentals of Six Sigma, such as what is Six Sigma4,14,15, why do we need
Six Sigma16,17, what makes Six Sigma different from other quality initiatives5,18, Six Sigma deployment19,20,
critical success factors of Six Sigma implementation2, Six Sigma project selection21,22, the organizational
infrastructure required for implementing Six Sigma5,20 and the role of academia and university in promoting
the best-in-class practice of Six Sigma23–25.
The aim of Six Sigma is to keep the distance between the process average and the nearest tolerance limit to at
least six standard deviations and thus reduce variability in products and processes in order to prevent defects26.
Six Sigma aims at achieving 3.4 defects per million opportunities (DPMO) with an assumption that the process
mean shifts by as much as 1.5 standard deviations off the target5,27. A defect opportunity is a process failure that
is critical to the customer3. Six Sigma methodology reduces processes to two common denominators, defects
per unit (DPU) and sigma, and thus establishing a common language of variation among diverse organizations,
i.e. applying the Deﬁne, Measure, Analyse, Improve and Control (DMAIC) framework for improving different
processes in an organization28,29.
Six Sigma has been exploited by many world class organizations such as GE, Motorola, Honeywell,
Bombardier, ABB and Sony to name but a few, and has resulted in millions of dollars of bottom-line savings1,30.
However, everybody has not been so enthusiastic—there have been failures too4. The reason for failure in most
cases was attributed to the lip service provided by top management and their interest towards the initiative
waning over time.
The attributes of Six Sigmamakes the quality proponent ponder on its efﬁcacy over other quality improvement
initiatives or programs, some of which are cited below31.
• Framework. The existence of a framework (DMAIC) where techniques such as Quality Function
Deployment (QFD), Failure Mode and Effect Analysis (FMEA), Design of Experiments (DoE) and
Statistical Process Control (SPC) are integrated into a logical ﬂow.
• Approach. A top-down approach starting from the CEO and involving a cross-functional team from the
Quality, Sales, Marketing, Production and Human Resource departments.
• Application. While the original goal of Six Sigma was to focus on manufacturing operations, today the
marketing, purchasing, billing, invoicing, banking and healthcare functions are also employing Six Sigma
strategies with the aim of continuously reducing defects or errors and working towards perfection, and
thereby achieving business excellence.
• Focus. Six Sigma applications are customer-centric, listening to the voice of customers (VOCs)
and measuring it in terms of critical to quality characteristics (CTQs), i.e. mapping the VOC into
product/service characteristics.
• Organization. In organizational terms, Six Sigma focuses on project-by-project features of its
implementation. Six Sigma focuses on project management skills, project selection criteria and project
reviews involving the cross-functional team.
• Result. The outcomes of Six Sigma projects are measured in ﬁnancial terms that are a tangible measure
of achievement that most people in the organization understand—not just project members.
• Personnel. Six Sigma emphasizes training, education and certiﬁcation processes that result in black belts,
green belts and yellow belts before embarking on any project.
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LITERATURE REVIEW
Six Sigma and process capability
Six Sigma is a measure of process performance and a process operating at Six Sigma quality has a defect rate
of 3.4 DPMO32. The process capability indices Cp and Cpk are used as the vehicles to characterize the produced
process quality. Six Sigma is achieved when the product speciﬁcations are at ±6σ (where σ is the standard
deviation of the process) and when the process width is half the speciﬁcation band. The process potential (Cp)
for a Six Sigma process would be 2 (when the process is centered) and the actual process performance (Cpk)
would be 1.5 (when there is 1.5σ shift in the process mean). During the process capability analysis using Cp
and Cpk, the process must be stable and normally distributed, and the estimated mean and standard deviation
should be based on sufﬁciently large sample sizes33.
It is not necessary that every process should operate at Six Sigma level. The selection criteria for a process
should be based upon its strategic importance and the cost of the improvement relative to the beneﬁt. A lower
Sigma quality level of performance may be acceptable for some processes. For example, a credit card company
had a target that 95% of customers wishing to speak to a customer service representative must be connected
within six rings. The company discovered through a customer survey that customers were willing to wait up
to seven or eight rings provided they were informed by a recorded voice that a customer service representative
would attend to their queries soon. The company also found that a further reduction of up to ﬁve or less rings
would not increase customer satisfaction signiﬁcantly. In such cases, we do not really need a Six Sigma process
capability. On the other hand, in some processes, even Six Sigma may not be sufﬁcient; for example, the level
of airlines landing their aircraft safely needs to be higher than the Six Sigma quality level.
Project selection for Six Sigma implementation
The success or failure of Six Sigma deployment in a business process hinges on selecting projects that can be
completed within a reasonable time span (four to six months) and will deliver a tangible (quantiﬁable) business
beneﬁt in ﬁnancial terms or customer satisfaction34. The selection of suitable projects in a Six Sigma program is
a major factor in the early success and long-term acceptance of Six Sigma within any organization35. According
to Adams et al.20, ‘during black belt training before project identiﬁcation is the classic—getting the cart before
the horse’. The project selection process must listen to three important voices: the voice of the process, the VOC
and the voice of strategic business goals17. According to Snee and Rodebaugh22, there are four key phases to
the development of a mature project selection process: to identify the black belt projects to be worked on in
early stages of Six Sigma, to create a Project Hopper (i.e. a collection of projects), to check that the project is
linked to the strategic improvement of the organization and to create an improvement system that manages all
the improvement efforts of the organization.
Antony35 stressed the importance of the following guidelines when selecting any Six Sigma project: a linkage
to a strategic business plan and organizational goals; a sense of urgency (how important the project is); the
project scope (achievable within four to six months); the project objectives must be clear, succinct, speciﬁc,
achievable, realistic and measurable; the project selection criteria must be established; the project must have
the approval and support of senior management; there must be a focus on CTQ; and project selection should
be based on realistic and good metrics (DPMO, yield, process capability, etc.). The aforementioned guidelines
are also emphasized in the existing literature of Six Sigma17,21,36–38. Snee21 has drawn attention to barriers in
project success and concluded that a common theme of these barriers is that they are all management related.
Table I focuses on barriers to the success of a Six Sigma project.
Critical success factors of Six Sigma
Critical success factors (CSFs) are those factors which are critical to the success of any organization.
This means that, if the objectives associated with the factors are not achieved, the organization will fail—
perhaps catastrophically so39. In the context of Six Sigma project implementation, CSFs represent the essential
ingredients without which a project stands little chance of success.
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Table I. Barriers to the success of a Six Sigma project
Barriers to Six Sigma team success
Team not supported by management:
• no champion and black belt assigned;
• champion not meeting with black belt;
• few or poor management reviews
Project scope too large:
• attainable in the three to six month time frame;
• an unrealistic scope (such as boiling the ocean) is probably the most commonly encountered cause of project failure
Project objectives not important to organization
Fuzzy objectives and poor process performance metrics
Team not trained or involved:
• no involvement of functional groups, such as personnel from Finance, Information Technology, Human Resources,
Engineering, Research and Development, etc. in the team;
• many projects have failed because this support was lacking due to personnel shortages
Black belt and team not given time to work on project:
• for black belts full-time is best, but they should be able to spend at least 80% of their time on a project;
• green belts should be able to spend at least 20% of their time
Team too large:
• team working with black belt should be not more than four to six members;
• as the size of the team increases, it becomes difﬁcult to ﬁnd mutually agreeable meeting times and to reach consensus
Many authors have proposed CSFs of Six Sigma in a range of scenarios: manufacturing ﬁrms, service ﬁrms,
software and the public sector, which need to be considered while implementing the program in their respective
organizations35,38,40–44. A literature review in Six Sigma facilitated in identifying the CSF study carried out by
academics and consultants, the details of which are presented in Table II. The table presents the research ﬁndings
of authors with respect to key ingredients for the successful implementation of Six Sigma. The identiﬁcation of
such factors will encourage their consideration when companies are developing an appropriate implementation
plan2.
The ﬁndings of the leading academics and practitioners emphasizes the following factors which are imperative
for the successful deployment of Six Sigma: management involvement and commitment; education and training;
linking Six Sigma to customers; linking Six Sigma to business strategy; and project prioritization and tracking.
It is worth noting that the aforementioned critical factors apply generally to the successful implementation of any
major business initiatives, not just the Six Sigma program. The identiﬁcation of success factors will encourage
their consideration when companies are developing an appropriate implementation plan. If any of the CSFs
are missing during the development and implementation stages of a Six Sigma program, it would then be the
difference between a successful implementation and a waste of resources, effort, time and money45.
This paper presents a case study performed in an automotive industry to eliminate the casting defects in
an engine manufacturing process using the Six Sigma problem-solving methodology. The organization was
encountering defects in the casting of one type of engine manufactured by the company. The application of
a Six Sigma methodology (DMAIC) reduced the number of defects in the engine manufacturing process and
thereby improved customer satisfaction and business proﬁtability. The signiﬁcance of the respective elements
of the DMAIC problem-solving methodology is explained as follows.
• Deﬁne. The Deﬁne phase is concerned with the deﬁnition of project goals and boundaries, and the
identiﬁcation of issues that need to be addressed to achieve the higher (better) sigma level.
• Measure. The goal of the Measure phase of the Six Sigma strategy is to gather information about the
current situation, to obtain baseline data on current process performance and to identify problem areas.
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Table II. CSFs of Six Sigma
Manufacturing Software Process
(Coronado and Service (Antony and Henderson Quality Public sector
CSFs Antony40) (Antony35) Fergusson41) and Evans42 Associates43 Goldstein38 (Voehl44)
Management involvement
and commitment
      
Understanding Six Sigma
methodology
   
Linking Six Sigma to
business strategy
     
Linking Six Sigma to the
customer
     
Project prioritization and
selection
    
Organizational infrastructure      
Cultural change   
Project management skills    
Linking Six Sigma to
suppliers
  
Training      
Linking Six Sigma to
employees
   
Integrating Six Sigma with
ﬁnancial accountability
  
Project tracking and review  
Company-wide Commitment   
Full-time versus part-time
resources

Information and analysis
systems
 
Use of quality tools  
Human resource management
system
 
Competitive benchmarking 
• Analyse. The goal of the Analyse phase is to study the data using graphical/statistical analysis tools to
identify and isolate the root cause(s) of quality problems.
• Improve. The goal of the Improve phase is to implement solutions that address the problems (root causes)
identiﬁed during the previous (Analyse) phase.
• Control. The goal of the Control phase is to put in place ongoing measures to monitor both the process
output and the factors that inﬂuence output variation, thus ensuring that results achieved in the previous
phase are sustained.
CASE STUDY
This case study deals with the reduction of casting defects in an automotive engine. The problem was tackled
using a Six Sigma DMAIC problem-solving methodology. The basic equation of Six Sigma, Y = f (x), deﬁnes
the relationship between a dependent variable ‘Y ’ or the outcome of a process and a set of independent variables
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or possible causes which affect the outcome. In the present case study, ‘Y ’ is the high customer dissatisfaction
due to an unacceptable number of casting defects in the engine. A Six Sigma problem-solving methodology
(DMAIC) is recommended when the cause of the problem is unclear5. This project was of the highest priority
to senior managers within the company as it was known that an effective solution to this problem would have
a signiﬁcant impact on the bottom-line. Moreover, it was clear to the team members as well as to the project
champion that the elimination of this problem would have a colossal impact on customer satisfaction.
Deﬁne phase
This phase of the DMAIC methodology is aimed at deﬁning the scope and goals of the improvement project
in terms of customer requirements and developing a process that delivers these requirements. The project team
members include a champion, a black belt, the process owner, a green belt and two supervisory team members.
In this phase, there were many questions asked by the team members during the project charting session,
i.e. what is wrong in the production of casting? where is the problem? how big is the problem? what is the
impact of the problem? The Six Sigma team ensured that the following points had been considered prior to
embarking on the Measure phase.
The goal statement of the project deﬁned by the teammembers was the reduction of casting defects from 0.194
DPU to 0.029 DPU that would result in an immense reduction in the cost of poor quality (COPQ). The team
conducted destructive testing on the castings produced on different dates to identify the root causes of the
casting defect. After performing a number of brainstorming exercises and using a multi-voting method, the
teammembers arrived at the conclusion that the cause of defect was the porous core used for the casting process.
The solution to this problem was unknown to the team. The impact of the problem was very severe as it was a
main cause of casting defects, leading to a high number of warranty failures and high customer dissatisfaction.
The team focused on the following processes for enhancing customer satisfaction and reducing COPQ in the
foundry:
• sand preparation;
• core making process;
• wash preparation and coating.
These processes were selected based on the sound engineering knowledge, the expertise of team members with
the process and also taking into account the steps used in the manufacture of the core.
Measurement phase
This phase starts with a process mapping that provides a picture of the steps needed to create the output or
process ‘Y ’. It is a pictorial representation of the process, which helps to identify all value and non-value added
steps, key process inputs (‘Xs’) and outputs (‘Y s’). Figure 1 shows the process mapping of a casting process for
an engine with three core processes: sand preparation, core preparation and wash preparation, and coating.
Having mapped the process, the team proceeded to analyse the potential causes of the defects. Although this
task is carried out in detail during the analysis phase of the Six Sigma methodology, the team had to consider
how the ‘Xs’ are controlled in the given process. The cross-functional team brainstormed the reasons for the
porous core causing casting defects in the enginemanufacturing process. Figure 2 illustrates the cause and effect
analysis for the porosity problem. The output of the cause and effect diagram depends to a large extent on the
quality and creativity of the brainstorming session. In this case study, the effect is the porous core.
The cause and effect analysis showed that the process variables affecting the porous core were SL, BP, ANS,
GCB, BD and VCR (the full names of these variables cannot be revealed here as the result of a conﬁdentiality
agreement between the authors and the company). Based on the brainstorming session conducted with the
cross-functional team members and taking the experience of the engineers on the shop ﬂoor into account, it was
inferred that the contribution of the porous core in causing casting defects was over 80%. Having constructed
the cause and effect diagram, the team then created a cause and effect matrix. Table III shows the cause and
effect matrix showing the customers’ needs and the relative importance of the process characteristics which are
critical to customers.
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Figure 1. Process mapping for core preparation of casting
The next step was to deﬁne performance standards according to the customer requirements. The goals
of the performance standards are to translate customer needs into measurable characteristics. Based on the
speciﬁcation limits, performance standards for each process parameter are established.
Having established the key process parameters and the CTQ (the depth of the porous core), it was essential to
establish the accuracy of the measurement system and the quality of data. A data collection plan was established
to focus on the project output and also to carry out the standard setting exercise. A Gage Repeatability and
Reproducibility (R&R) study was conducted to identify the sources of variation in the measurement system
and to determine whether the measurement system is capable or not. The measurement system is considered
acceptable when the measurement system variability is less than 10% of total process variability46. The Gage
R&R study performed on the system identiﬁed a variation of 6.08%, which implies that the measurement system
is acceptable. Table IV illustrates the results of the Gage R&R study carried out during the measurement phase
of the project.
The baseline process capability (Cpk) was also established in this phase. The Cpk value based on the existing
process conditions is estimated to be 0.49. This clearly indicates that process performance is poor and it clearly
needs improvement.
Copyright c© 2006 John Wiley & Sons, Ltd.
856
Qual. Reliab. Engng. Int. 2007; 23:849–866
DOI: 10.1002/qre
M. KUMAR ET AL.
Porous Core
Process
Measurements
Environment
Machines
Manpower
Materials
Fineness of Iron Oxide
Fineness of Mill Scale
BD
BW
Operators working on
different shfts
Experience
Knowledge
TCB
VCR
SL
Cleanliness of tank
Tempearture of work
environment
Cleanliness of box
Slide Calliper
BM
ANS
Uniform coating on core
GCB
Stirring of wash
OH
M/c Cycle time
BP
Figure 2. Cause and effect analysis of the porous core
Table III. Cause and effect matrix
Process characteristics
Depth of
Customer needs porous core BW PW SW SHW Importance
Uniform coating H H L M L 8
Proper thickness H H L L M 9
Filling of porous core H M L L L 9
Weighted requirements 130 112 26 42 44
H, Strong Relationship = 5; M, Medium Relationship = 3; L, Weak Relationship = 1
Table IV. Results of Gage R&R study
Percentage contribution
Variance of variance
Source
Total Gage R&R 1.62 × 10−3 6.08
1.60 × 10−3 6.02
Repeatability
Reproducibility 1.67 × 10−5 0.06
Part-to-part 2.50 × 10−2 93.92
Total variation 2.67 × 10−2 100.00
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Table V. Results of regression
analysis for process parameters
Process parameters P -value
SL 0.002*
ANS 0.414
BW 0.060
BP 0.155
BD 0.003*
FT 0.104
VCR 0.001*
* Indicates the signiﬁcance of process
parameters at the 5% signiﬁcance level
Analysis phase
The ﬁrst step in this phase is to gather data from the process in order to obtain a better picture of the depth of
the porous core values under different process conditions. Data pertaining to factors affecting the response were
collected over a period of 45 days from different shifts in the day. In routine foundry production, the casting is
shipped to the customer if the mechanical test data satisfy the requirement of the standard and no defects occur
in the casting.
Data related to factors affecting the response (the depth of the porous core) are analysed to determine not only
the relationship between the process parameters and the response but also to determine the direction of process
improvement. In the analysis phase, it was important to identify the possible sources of variation which lead
to the casting problem. Moreover, it was also important to understand the causes for poor process capability.
The aim of the project team is to enhance the process capability by reducing variation in the process. At this
point, it is imperative to identify the parameters that are signiﬁcant to the process so that they can be brought
under statistical control. The improvement goal of the project is deﬁned statistically through benchmarkingwith
an automotive industry in the U.S.A.
A simple regression analysis is performed to determine the signiﬁcance of the process parameters.
It is concluded from the regression analysis that the variables having a ‘P ’ value less than 0.05 are
statistically signiﬁcant for further study. Table V shows that SL, BD and VCR are the parameters that
require further optimization and control. The optimization of these parameters will yield an optimum response
(i.e. the depth of the porous core).
Improvement phase
In this phase, it was decided to perform a design experiment with the above three process parameters (SL, BD
and VCR) identiﬁed from the analysis phase. DoE was conducted using the aforementioned process parameters
identiﬁed from the previous phase. Each process parameter was studied at two levels in order to keep the size
of the experiment at a minimum as well as to minimize time and cost constraints. A coded design matrix for
the three signiﬁcant variables (SL, BD and VCR) is depicted in Table VI. A 23 full factorial design was chosen
so that both the main effects and the interaction effects among the parameters could be investigated. In order to
have sufﬁcient degrees of freedom for studying both the main effects and interaction effects, each trial condition
was replicated twice47. Table VII illustrates the results of the experiment with the average depth of the porous
core as the response of interest. The average depth of the porous core before the experiment was 1.25 mm.
As the objective of the experiment is to minimize the depth of the porous core, the ﬁrst objective of the analysis
was to determine the effect of process parameters and to understand the presence of any interactions, if present.
Figures 3 and 4 illustrate the main effects plot and the interactions plot, respectively. In order to determine the
statistical signiﬁcance of both the main and interaction effects, it was decided to construct a normal probability
plot of effects (see Figure 5). Figure 5 indicates that only the main effects are statistically signiﬁcant at
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Table VI. Coded design
matrix for the process
variables to conduct DoE
SL BD VCR
1 1 1
1 2 1
1 1 2
1 2 2
2 1 1
2 2 1
2 1 2
2 2 2
Table VII. Results of the 23 full factorial experiment
Depth of the porous core (mm) Average
depth of the
SL BD VCR Replication 1 Replication 2 porous core
1 1 1 0.75 0.65 0.7
1 2 1 0.6 0.6 0.6
1 1 2 0.8 1.0 0.9
1 2 2 0.85 0.75 0.8
2 1 1 0.90 1.0 0.95
2 2 1 0.8 0.9 0.85
2 1 2 0.9 1.1 1.0
2 2 2 0.9 1.0 0.95
a 10% signiﬁcance level. None of the interactions were statistically signiﬁcant, although the interaction plot
(Figure 4) suggests that there is a slight interaction between the VCR and SL. The main effects plot (refer to
Figure 3) indicates that the optimum levels of process parameters for minimizing the depth of the porous core
are BD—high level, VCR—low level and SL—low level.
Conﬁrmation trials were carried out using the optimal settings and the average depth of the porous core
was computed to be 0.80 mm. Moreover, the process variability was signiﬁcantly reduced as well. The process
capability (Cpk) has improved from 0.49 to 1.28. This clearly indicates a signiﬁcant improvement to the process
performance.
Control phase
The real challenge of Six Sigma methodology is not in making improvements to the process but in providing a
sustained improvement to the optimization. This requires standardization and constant monitoring and control
of the optimized process. An extensive training program for the personnel affected by the process changes was
conducted within the company where the case study was performed. It is well known that real improvement
will only come from the shop ﬂoor. Process sheets and control charts were made so that the operator can take
preventive action before the critical process parameters and critical performance characteristics stray outside of
the control limits. A complete database is prepared to maintain the improvement to the result. Proper monitoring
of the process helped to detect and correct out-of-control signals before they resulted in customer dissatisfaction.
Normal silica or chromite sand was mixed with shell sand with a recommended mesh number by the team to
obtain a better result. Implementation of the aforementioned suggestions resulted in a further improvement of
process capability and process yield.
Run charts for the depth of the porous core were constructed prior to and after improvements were made to
the process, shown in Figures 6 and 7, respectively. The purpose of the run charts was to analyse variability
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Figure 3. Main effects plot on the depth of the porous core
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Figure 4. Interactions plot showing the interactions among the process parameters
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Figure 5. Normal probability of effects for the experiment
0
0.5
1
1.5
2
1 4 7 10 13 16 19 22 25 28 31 34
N umber o f  R uns
LSL
USL
MEAN
Figure 6. Run chart for depth of porous core before improvement
in the porous core around its mean value. Figure 7 (after the improvement phase) shows that all the points are
within the speciﬁcations and the variability in the porous core has been reduced signiﬁcantly.
The run chart shown in Figure 7 has only eight data points, as the authors’ involvement in the project ended
at this point. However, the company was contacted three months after project completion to check whether the
company had experienced a sustained improvement. At that point in time there were more than 90 data points
available to construct a new run chart and it was conﬁrmed that the process was stable and within control.
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Figure 7. Run chart for depth of porous core after improvement
Improvement achieved from the Six Sigma project
After achieving the optimal condition and proving that a sustained improvement had been achieved, the team
analysed the ﬁnancial impact of the project. The cost incurred by the company in manufacturing the engine is
divided into four categories: labour cost, raw material cost, operating expenses and other overheads. All these
costs were incurred in manufacturing the product passing through various processing stages.
As the raw material is processed through various machines, some value is added at every stage of production.
Therefore, a defect occurring at any stage of production is considered as a loss to the organization. However, the
impact of defects on the organization increases the longer the defect goes undetected because at each stage some
value is added to the product and each value adding activity has an associated cost. The impact of defects in the
form of delay reschedule, rework, delivery delay and further inspection also increases the longer the defect goes
undetected.
Savings generated from the Six Sigma project are divided into two parts: ﬁrst, savings spawned from raw
material and, second, savings from other sources that include labour cost, operating cost and other overheads.
The bottom-line savings generated after Six Sigma implementation from this project was in excess of $110 000,
as acknowledged by the ﬁnance department of the organization. This would have also assisted the senior
managers of the company in appreciating the efﬁcacy of Six Sigma business strategy.
The following equations were used to calculate the DPU and the throughput yield:
DPU = number of defects found/number of units processed (1)
throughput yield = e−DPU (2)
Table VIII presents the key results of the study showing the key metrics used in the study. These metrics
clearly indicate the performance improvements achieved by the process after implementation of the Six Sigma
methodology.
It was observed that the porosity in the core reduced drastically. The process capability of the system is
increased from the previous value of 0.49 to 1.28, showing a tremendous improvement in the production
system.
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Table VIII. Comparison before and after improvement based on key metrics
Depth of the porous core
Key metrics used Before improvement After improvement
Defect rate 0.194 DPU 0.029 DPU
Throughput yield 82% 97.14%
Capability indices 0.49 1.28
Process mean 1.202 mm 0.843 mm
Process standard deviation 0.277 mm 0.137
MANAGERIAL IMPLICATIONS
In this research work, the top-level management of the organization realized the importance of strategic
initiatives needed for the successful deployment of Six Sigma. A brainstorming session was conducted to
consider changes to the process, management practices and environment change required in securing an
improved quality of work life and better business process, both of which are prerequisites for customer success
and, ultimately, in achieving measurable and sustainable performance gains.
A successful introduction and implementation of Six Sigma requires the right mindset and attitude of people
working within the organization. Management identiﬁed that the best way to tackle resistance to change is
through increased and sustained communication, motivation and education. As worker motivation is very
important in the successful implementation of Six Sigma, the management proposed methods of increasing
employee motivation: incentive-based compensation, an employee ownership plan and the implementation of
work-based teams. The reward may involve less renumerative awards and instead utilize highly visible awards
such as plaques and coffee mugs.
The selection and prioritization of projects demonstrates that bottom-line impact is crucial for a Six Sigma
program2. An unsuitable project selection leads to delayed results and also to a great deal of frustration.
Following the work of Pande et al.17, three generic categories of project selection criteria were considered
by the management:
(1) business beneﬁt criteria;
(2) feasibility criteria;
(3) organizational impact criteria.
Based on these three above categories, the next crucial step for management was the selection of the appropriate
Six Sigma project so as to align the project with strategic goals of the business. The top management called
a meeting of senior managers of different production units to discuss the customer complaints being sent to
their respective units. The purpose of the meeting was to sort out the problems causing customer dissatisfaction.
It was found that the majority of complaints coming from various parts of the country were related to casting
defects in the engine manufacturing process, which was endangering customer loyalty towards the company.
This problem was encountered by customers across the country.
In addition to top management, there was also a need to have an effective organizational infrastructure in
place to support the Six Sigma introduction and development program within the organization. Thus, a cross-
functional deployment team comprising people frommiddle-level management (executives from the Production
Department, Quality Assurance Department, Sales and Marketing departments, etc.) and the workers involved
on the shop ﬂoor were formed. As the organization’s Six Sigma implementation was in its inception stage,
experts were called in by the senior management, who included some of the authors of this paper. The Six Sigma
initiative was led by the Divisional Manager of the Foundry shop, who is the project champion of this initiative.
This was followed by formation of master black belt, black belts, green belts and other team members who
represented different departments of the organization.
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After achieving the strategic goals and providing a sustained improvement for the organization, the
management communicated the results and beneﬁts generated to all its employees. Management felt that
open communication and information sharing can promote a common culture and innovative behaviour in
the organization. The importance of adequate and focused (e.g. role related) training for the successful
implementation of Six Sigma cannot be overemphasized. The cost associated with training is viewed as an
investment opportunity by the management. The organization followed a structured methodology for managing
change. The management was committed to making Six Sigma a top priority within their business environment.
The organization decided to provide coaching, counselling and training to the people involved in the project;
giving rewards and sharing proﬁts of the project with its employees to motivate them to bring about a cultural
change within the organization; recognizing and reinforcing desired improvement alternatives and desired
behaviours, which includes a periodic project review between management and the people responsible for
improvement activities. Top executive leadership has established an expectation that all employees must be
engaged in a successful Six Sigma project by the end of 2008.
CONCLUSION
Six Sigma is a disciplined, data-driven approach and methodology for eliminating defects in any process—from
manufacture to transaction and from product to service. One of the primary themes of this modern management
practice is to identify and prioritize high-impact projects and enable companies to establish goals that relate to
bottom-line improvement, customer satisfaction and loyalty.
This paper presents a case study from a leading automotive company demonstrating how the effective
introduction and implementation of a Six Sigma program in organizations can lead to a breakthrough in
proﬁtability, bringing with it a cultural change and gaining customer loyalty. The dramatic improvement
achieved was the result of listening carefully to the VOC with the objective of evaluating and understanding
their concerns. Creating and maintaining customer loyalty were the key challenges for the organization as the
management was aware of the fact that it takes ﬁve to seven times as much time and money to replace a customer
as to retain one.
Six Sigma is most effective when an organization already has a ﬁrm idea of what forms of products and
services are in alignment with the organizations goals and customer expectations. It is suited to problems in
which the output can be readily measured. This paper explored how the automotive industry can take steps to
move towards the goal of achieving a Six Sigma quality level. The application of the DMAIC methodology has
been extremely valuable in reducing casting defects. The defect rate per unit has been reduced from 0.194 DPU
to 0.029 DPU. Moreover, the capability of the process has been signiﬁcantly improved from 0.49 to 1.28.
The estimated savings generated from this project were at least U.S. $110 000. The company was contacted
one year after the project completion and it was reported that savings from this project have crossed over
U.S. $250 000. The results of this project provided greater stimulus for the wider applications of Six Sigma
methodology across the company in the future. The efﬁcacy of DoE was realized by the management and the
project team and this technique has become a part of their working culture. The company’s management have
been convinced of the beneﬁts of adopting the Six Sigma problem-solving methodology and it has been linked
directly to the strategic goals of the business.
REFERENCES
1. Snee RD. Six Sigma: The evolution of 100 years of business improvement methodology. International Journal of
Six Sigma and Competitive Advantage 2004; 1(1):4–20.
2. Antony J, Banuelas R. Key ingredients for the effective implementation of Six Sigma program. Measuring Business
Excellence 2002; 6(4):20–27.
3. Linderman K, Schroeder RG, Zaheer S, Choo AS. Six Sigma: A goal-theoretic perspective. Journal of Operations
Management 2003; 21:193–203.
4. Breyfogle FW III. Implementing Six Sigma: Smarter Solutions Using Statistical Methods. Wiley: New York, 1999.
Copyright c© 2006 John Wiley & Sons, Ltd.
864
Qual. Reliab. Engng. Int. 2007; 23:849–866
DOI: 10.1002/qre
M. KUMAR ET AL.
5. Snee RD, Hoerl RW. Leading Six Sigma—A Step by Step Guide Based on Experience at GE and Other Six Sigma
Companies. Prentice-Hall: Englewood Cliffs, NJ, 2003.
6. Frings GW, Grant L. Who moved my Sigma . . . effective implementation of the Six Sigma methodology to hospitals.
Quality and Reliability Engineering International 2005; 21:311–328.
7. Edgeman RL, Bigio D, Ferleman T. Six Sigma and business excellence: Strategic and tactical examination of IT service
level management at the ofﬁce of the chief technology ofﬁcer of Washington, DC. Quality and Reliability Engineering
International 2005; 21:257–273.
8. Neagu R, Hoerl R. A six sigma approach to predicting corporate defaults. Quality and Reliability Engineering
International 2005; 21:293–309.
9. Patterson A, Bonissone P, Pavese M. Six Sigma applied throughout the lifecycle of an automated decision system.
Quality and Reliability Engineering International 2005; 21:275–292.
10. Hoerl R. One perspective on the future of Six Sigma. International Journal of Six Sigma and Competitive Advantage
2004; 1(1):112–119.
11. Salzman S, Rabeneck LT, Rabeneck SK. Comprehensive Six Sigma Reference Guide. Corporate Document Services:
Kansas City, MO, 2002.
12. Watson G. Six Sigman uudet savelet. Nyt Kuuluu asiakkaan aani. Laatukeskus 2002; EXBA(2):36–41.
13. Ellis K. Mastering Six Sigma. Training 2001; 28(12):30–35.
14. Hoerl RW. Six Sigma and the future of the quality profession. Quality Progress 1998; 33(4):35–42.
15. Harry M. Schroeder R. Six Sigma—The Breakthrough Management Strategy Revolutionizing the World’s Top
Corporations. Doubleday: New York, 1999.
16. Snee RD. Impact of Six Sigma on quality engineering. Quality Engineering 2000; 12(3):9–14.
17. Pande P, Neuman R, Cavanagh R. The Six Sigma Way: How GE, Motorola and Other Top Companies are Honing their
Performance. McGraw-Hill: New York, 2000.
18. Pyzdek T. Why Six Sigma is not TQM. Quality Digest 2001. Available at:
http://www.qualitydigest.com/feb01/html/sixsigma.html [20 June 2004].
19. Keller PA. Six Sigma Deployment. Quality Publishing: Tucson, AZ, 2001.
20. Adams C, Gupta P, Wilson C. Six Sigma Deployment. Butterworth-Heinemann: Woburn, MA, 2003.
21. Snee RD. Dealing with the Achilles heel of Six Sigma initiatives: Project selection is key to success. Quality Progress
2001.
22. Snee RD, Rodebaugh WF. The project selection process. Quality Progress 2002; 35(9):78–80.
23. Montgomery DC et al. A university-based Six Sigma program. Quality and Reliability Engineering International 2005;
21:243–248.
24. Anderson-Cool CM, Patterson A, Hoerl R. A structured problem-solving course for graduate students: Exposing
students to Six Sigma as part of their university training. Quality and Reliability Engineering International 2005;
21:249–256.
25. Mitra A. Six Sigma education: A critical role for academia. The TQM Magazine 2004; 16(4):293–302.
26. Wiklund H, Wiklund PS. Widening the Six Sigma concept: An approach to improve organizational learning. Total
Quality Management 2002; 13(2):233–239.
27. Walters L. Six Sigma: Is it really different? Quality and Reliability Engineering International 2005; 21:221–224.
28. Hu M, Barth B, Sears R. Leveragining Six Sigma disciplines to drive improvement. International Journal of Six Sigma
and Competitive Advantage 2005; 1(2):121–133.
29. Banuelas R, Antony J, Brace M. An application of Six Sigma to reduce waste. Quality and Reliability Engineering
International 2005; 21:553–570.
30. Snee RD. Leading business improvement: A new role for statisticians and quality professionals. Quality and Reliability
Engineering International 2005; 21:235–242.
31. Goh TN. A Strategic assessment of Six Sigma. Quality and Reliability Engineering International 2002; 18:403–410.
32. Harry MJ. Six Sigma: A breakthrough strategy for proﬁtability. Quality Progress 1998; 31(5):60–64.
33. Maleyeff J, Krayenvenger DE. Goal setting with Six Sigma mean shift determination. Aircraft Engineering and
Aerospace Technology 2004; 76(6):577–583.
34. Jackenthal E. Six Sigma project selection: Don’t follow—‘ready, ﬁre, aim’, 2004.
http://www.stafﬁng.org/articles/EdJackenthal arco0007ej.asp [15 June 2005].
35. Antony J. Six Sigma in the U.K. service organisations: Results from a pilot survey. Managerial Auditing Journal 2004;
19(8):1006–1013.
36. Pyzdek T. The Six Sigma Handbook. McGraw-Hill: New York, 2003.
37. Pyzdek T. Deﬁning Six Sigma projects. Quality Digest 2000. Available at:
http://www.qualitydigest.com/Oct00/html/sixsigma.html [20 June 2004].
Copyright c© 2006 John Wiley & Sons, Ltd.
865
Qual. Reliab. Engng. Int. 2007; 23:849–866
DOI: 10.1002/qre
WINNING CUSTOMER LOYALTY IN AN AUTOMOTIVE COMPANY THROUGH SIX SIGMA
38. Goldstein MD. Six Sigma program success factors. Six Sigma Forum Magazine 2001; 1(1):36–45.
39. Rockart J. Chief executives deﬁnes their own data needs. Harvard Business Review 1979; 57(2):238–241.
40. Cornado RB, Antony J. Critical success factors for the successful implementation of Six Sigma projects in
organisations. The TQM Magazine 2002; 14(2):92–99.
41. Antony J, Fergusson C. Six Sigma in the software industry: Results from a pilot study. Managerial Auditing Journal
2004; 19(8):1025–1032.
42. Henderson K, Evans J. Successful implementation of Six Sigma: Benchmarking General Electric Company.
Benchmarking and International Journal 2000; 7(4):260–281.
43. Process Quality Associates. Six Sigma success factors, 2005.
http://www.pqa.net/ProdServices/sixsigma/W06002005.html [15 June 2005].
44. Voehl F. Six Sigma community improvement projects. Quality Congress 2004; 58:351–62.
45. Antony J. Six Sigma for service processes. Business Process Management Journal 2006; 12(2):234–248.
46. Antony J, Knowles G, Roberts P. Gauge capability analysis: Classical versus ANOVA. Journal of Quality Assurance
1999; 6(3):173–182.
47. Antony J. Design of Experiments for Engineers and Scientists. Butterworth-Heinemann: Oxford, 2003.
Authors’ biographies
Maneesh Kumar is currently pursuing his PhD Glasgow Caledonian University after the successful completion
of a BTech in Manufacturing Engineering in May 2004 from the National Institute of Forging and Foundry
Technology, Ranchi University, India. He is working on Six Sigma Implementation in SMEs as part of his
doctoral studies. He has published 11 refereed papers and 10 conference papers in the area of Six Sigma, Taguchi
methods, multi-response optimization, supply chain and artiﬁcial intelligence. He has published articles in
journals such as the Journal of Operations Research Society, the International Journal of Production Research,
the International Journal of Systems and Logistics Management, the International Journal of Quality and
Reliability Management, the Institute of Mechanical Engineer Part-B, the Journal of Manufacturing Technology
Management and the Managerial Auditing Journal.
Jiju Antony is currently leading the Centre for Research in Six Sigma and Process Improvement (CRISSPI)
at the Caledonian Business School, Glasgow Caledonian University, Scotland. His work experience includes
two years as a maintenance engineer, three years as a Quality/Reliability Manager and seven years as a
Quality Engineering Consultant for a number of multi national companies such as Nokia, Parker Pen, Vickers
Systems, Siemens, Rolls-Royce, Bosch, Motorola, Philips, and a large number of local SMEs. He has published
over 120 refereed papers and four textbooks in the areas of reliability engineering, design of experiments,
Taguchi methods, Six Sigma, total quality management and statistical process control. He has chaired the
First International and Second International Conferences on Six Sigma in December 2004 and June 2006,
respectively, in Glasgow, Scotland. He has been considered for ‘Who’s Who in the World’ by MARQUIS
and will be published in the 2006 Edition as an acknowledgement of his contribution to the ﬁeld of Quality
Management and Six Sigma.
Frenie Jiju Antony is a part-time lecturer in the Strategy and Leadership group at the Caledonian Business
School, Glasgow Caledonian University, Scotland. She received an MBA from the Cochin University of
Science and Technology, South India, and a PgD in Customer Service Management from the Nottingham Trent
University, U.K. She has over six years experience of teaching and research in various management topics
and her current research interests include service quality, customer satisfaction, performance measurement in
call centres, Six Sigma and its applications in service and transactional settings. Her work experience includes
two years in the hotel industry and two years in the banking industry. Her contributions have appeared in various
journals such as the Journal of Engineering Design, the International Journal of Productivity and Performance
Management, the Managerial Auditing Journal and the International Journal of Hospitality and Contemporary
Management.
Copyright c© 2006 John Wiley & Sons, Ltd.
866
Qual. Reliab. Engng. Int. 2007; 23:849–866
DOI: 10.1002/qre
M. KUMAR ET AL.
Christian N. Madu is research professor and chair of the management science program at the Lubin School of
Business, Pace University, New York. He also serves as co-editor of the International Journal of Quality and
Reliability Management. He is the author of more than a dozen books and has published widely in the areas of
quality, maintenance, simulation, technology and environmental management and supply chain management.
Copyright c© 2006 John Wiley & Sons, Ltd.
